Nanocomposites, a high performance material exhibit unusual property combinations and unique design possibilities. With an estimated annual growth rate of about 25% and fastest demand to be in engineering plastics and elastomers, their potential is so striking that they are useful in several areas ranging from packaging to biomedical applications. In this unified overview the three types of matrix nanocomposites are presented underlining the need for these materials, their processing methods and some recent results on structure, properties and potential applications, perspectives including need for such materials in future space mission and other interesting applications together with market and safety aspects. Possible uses of natural materials such as clay based minerals, chrysotile and lignocellulosic fibers are highlighted. Being environmentally friendly, applications of nanocomposites offer new technology and business opportunities for several sectors of the aerospace, automotive, electronics and biotechnology industries.
Introduction
Nanocomposites are composites in which at least one of the phases shows dimensions in the nanometre range (1 nm = 10 -9 m) 1 . Nanocomposite materials have emerged as suitable alternatives to overcome limitations of microcomposites and monolithics, while posing preparation challenges related to the control of elemental composition and stoichiometry in the nanocluster phase. They are reported to be the materials of 21 st century in the view of possessing design uniqueness and property combinations that are not found in conventional composites. The general understanding of these properties is yet to be reached 2 , even though the first inference on them was reported as early as 1992 3 . The number of published papers containing words such as nanoscience, nanotechnology, nanomaterials, etc., doubled in 1.6 years 4 in the late 1990s. Also, a literature survey made by the authors reveals that about 13.420 papers (of which 4028 contain the keywords nanocomposite and polymer in Web of Science-ISI: updated on 10 February 2009) have been published on nanocomposites in the last two decade . Similarly, patents with complete document on nanocomposites account for about 4663 during the same period as per Scirus (www.scirus.com). Additionally, specific conferences and special issues of some journals have been devoted exclusively to the emerging science and technology of nanomaterials.
It has been reported that changes in particle properties can be observed when the particle size is less than a particular level, called 'the critical size' (Table 1) 5 . Additionally, as dimensions reach the nanometre level, interactions at phase interfaces become largely improved, and this is important to enhance materials properties. In this context, the surface area/volume ratio of reinforcement materials employed in the preparation of nanocomposites is crucial to the understanding of their structure-property relationships. Further, discovery of carbon nanotubes (CNTs) in 1991 6 and their subsequent use to fabricate composites exhibiting some of the unique CNT related mechanical, thermal and electrical properties 7-9 added a new and interesting dimension to this area. The possibility of spinning CNTs into composite products and textiles 10 made further inroads for the processing and applications of CNT-containing nanomaterials. Nowadays, nanocomposites offer new technology and business opportunities for all sectors of industry, in addition to being environmentally friendly 11 . As in the case of microcomposites, nanocomposite materials can be classified, according to their matrix materials, in three different categories as shown in Table 2 .
Ceramic Matrix Nanocomposites (CMNC); Metal Matrix Nanocomposites (MMNC) and Polymer Matrix Nanocomposites (PMNC). Nanocomposite systems, including those reinforced with CNTs, have been extensively studied since the 1990s and, accordingly, there has been a steady and continuous increase in the number of publications on the subject, including reviews from time to time 2, . In spite of this growth, the majority of the reviews describe the current status of only one type of nanocomposite. Thus, there are only two reviews on CMNC 16, 32 and three on CNT-reinforced nanocomposites 17, 20, 27 and a quite large number on PMNC 16, 18, 19, 21, [28] [29] [30] [31] [32] [33] [34] [35] . In the case of PMNC, reviews deal with processing aspects, including those on layered silicates 18, 26 , conducting and biodegradable polymer-based systems 19, 34, 35 , fibre reinforced 17, 20 and structure/morphology/property aspects 16, 35 , as well as with applications and perspectives, including key opportunities and challenges in the development of structural and functional fibre nanocomposites 18, 26, 29 . Conducting polymer-based composites are novel materials with less than a decade of history. It is believed 19 that the total control of the whole conducting polymer-based composite system and the optimisation of their physical properties (such as electrical conductivity and colloidal stability) are yet to be achieved, while both their commercial availability in the near future and a big leap forward for materials science are expected with their appropriate utilization. In the case of biodegradable polymer-based nanocomposites, recent developments in preparation, characterization and properties, including crystallization behaviour and melt rheology, of both the matrix and the layered (montmorillonite) nanocomposites have been discussed 34, 35 . Similarly, an emphasis on toughness and interfacial bonding between CNTs and polymer matrices is critically discussed 27 to underline the stress transfer Review Article from the matrix and the potential of these composites for possible macro scale CNT-polymer production. Here, problems encountered so far are considered, and hints given regarding a critical volume fraction of CNTs to get appropriate strengthening (as observed in microcomposites); possible failure mechanisms in such composites are also presented. Finally, to the best of our knowledge, and in view of the very limited work on metal-based nanocomposites including the ones with CNT reinforcements, no review is available to-date on this system. Considering these facts and also the absence of a more general review comprising the three different kinds of nanocomposites (metal-, ceramic-and polymer-based), this paper gives an overview of them, including those with incorporation of CNTs. However, while doing so only a few relevant publications 2, 4, [7] [8] [9] 11, are considered here. The main features, current status and recent developments in the area are provided, focussing on the preparation methods, structure, properties and applications of these systems to avoid repetition. Also, the potential uses of nanocomposites and the opportunities they provide, along with perspectives for the future and market and safety aspects are also presented. Nanocomposite coating is not covered, in order to keep the focus of the review.
Potentials and opportunities in nanocomposites
Before going into details regarding processing, structure, properties and applications of the three types of nanocomposites, let us look at the potentials of these systems and the general opportunities they provide. Ceramics have good wear resistance and high thermal and chemical stability. However, they are brittle. In this context, the low toughness of ceramics has remained a stumbling block for their wider use in industry. In order to overcome this limitation, ceramic-matrix nanocomposites have been receiving attention, primarily due to the significant enhancement on mechanical properties which can be achieved. For example, the incorporation of energy-dissipating components such as whiskers, fibres, platelets or particles in the ceramic matrix may lead to increased fracture toughness [309] [310] [311] . The reinforcements deflect the crack and/or provide bridging elements, hindering further opening of the crack. In addition, the incorporated phase undergoes phase transition in conjunction with the volume expansion initiated by the stress field of a propagating crack, contributing for the toughening and strengthening processes, even in nanocomposites 36 . The potential of ceramic matrix nanocomposites (CMNC), mainly the Al 2 O 3 /SiC system, was revealed by the pioneering work of Niihara 37, 38 . Most studies reported so far have confirmed the noticeable strengthening of the Al 2 O 3 matrix after addition of a low (i.e. ~10%) volume fraction of SiC particles of suitable size and hot pressing of the resulting mixture. Some studies have explained this toughening mechanism based on the crack-bridging role of the nanosized reinforcements 39 . Consequently, the incorporation of high strength nanofibres into ceramic matrices has allowed the preparation of advanced nanocomposites with high toughness and superior failure characteristics compared to the sudden failures of ceramic materials 40 . Metal matrix nanocomposites (MMNC) refer to materials consisting of a ductile metal or alloy matrix in which some nanosized reinforcement material is implanted. These materials combine metal and ceramic features, i.e., ductility and toughness with high strength and modulus. Thus, metal matrix nanocomposites are suitable for production of materials with high strength in shear/compression processes and high service temperature capabilities. They show an extraordinary potential for application in many areas, such as aerospace and automotive industries and development of structural materials 41 . Both MMNC and CMNC with CNT nanocomposites hold promise, but also pose challenges for real success.
Polymer materials are widely used in industry due to their ease of production, lightweight and often ductile nature. However, they have some disadvantages, such as low modulus and strength compared to metals and ceramics. In this context, a very effective approach to improve mechanical properties is to add fibres, whiskers, platelets or particles as reinforcements to the polymer matrix. For example, polymers have been filled with several inorganic compounds, either synthetic or natural, in order to increase heat and impact resistance, flame retardancy and mechanical strength, and to decrease electrical conductivity and gas permeability with respect to oxygen and water vapour 25 . Furthermore, metal and ceramic reinforcements offer striking routes to certain unique magnetic, electronic, optical or catalytic properties coming from inorganic nanoparticles, which add to other polymer properties such as processibility and film forming capability 42 . Using this approach, polymers can be improved while keeping their lightweight and ductile nature 31, [43] [44] [45] [46] [47] . Another important aspect is that nanoscale reinforcements have an exceptional potential to generate new phenomena, which leads to special properties in these materials as will be seen later. It may be pointed out that the reinforcing efficiency of these composites, even at low volume fractions, is comparable to 40-50% for fibres in microcomposites 34 . Addition of reinforcements to a wide variety of polymer resins produces a dramatic improvement in their biodegradability. This underlines a good example of polymer matrix nanocomposites [PMNC] as promising systems 24 for ecofriendly applications. Besides, future space mission concepts involve large ultra lightweight spacecrafts termed "Gossamer" 48 . The materials required for such spacecrafts should possess and maintain a specific combination of properties for over a long period (10-30 years) in relatively harsh environments such as 173 to 373 K for satellites and cycling temperatures of 1273 K for re-entry vehicles, exposure to atomic O 2 and solar radiation. Some of the Gossamer spacecraft devices are movable mechanical parts such as gears and gyroscopes, and others include solar arrays/sails, antennae and drives, sunshields, rovers, radars, solar concentrators, and reflector arrays. It is reported 48 that these parts will have to be fabricated from flexible, appropriate materials, which can be folded or packaged into small volumes, similarly to those available in conventional launch vehicles, and should possess many of the common mission concepts. This is needed since the structure consisting of ultra lightweight parts would Table 1 . Feature sizes for significant changes in properties reported in nanocomposite systems [reproduced from reference 5 with the kind permission of the author and the Japan Society of Powder and Powder Metallurgy].
Properties
Feature size (nm) at which changes might be expected Catalytic activity <5 Making hard magnetic materials soft <20 Producing refractive index changes <50 Producing super paramagnetism and others electromagnetic phenomena <100 Producing strengthening and toughening <100 Modifying hardness and plasticity <100 be deployed mechanically or by inflation into a large ultra-lightweight functioning spacecraft once it achieves the required orbit. It is imperative that the above mentioned characteristics should be available in one single material. Metal oxide-incorporated polymer nanocomposites seem to meet these requirements. It is expected that such spacecrafts offer a significant cost advantage compared to on-orbit construction, and the large size can enable some unique missions. Similarly, rocket propellants are prepared from a polymer-Al/Al 2 O 3 nanocomposite to improve ballistic performance 306 . In addition, recent information on nanomaterials, nanoindustries and a host of possible A to Z applications of polymer nanocomposites have been reported 312 .
On the other hand, even after a decade of research 27 , CNTs have not fully realized their potentials as nanoscopic reinforcements in polymer matrices. Thus great challenges and opportunities are still expected for the system. These are based on the following: a) CNTs with small number of defects per unit length possess 27 500 times more surface area per gram on the basis of equivalent volume fraction of a typical carbon fiber, high aspect ratio (~1000), very high tensile properties and electrical and thermal conductivities (more details are given in the next section). b) Research on CNT-related areas has been most active, with publications doubling within six months 335 . Even the patenting activity in this area has been impressive, with about 3,000 applications filed from 2001 to June 2006 as per the literature survey. c) Because of their hollow nature, CNTs can be opened and filled with a variety of materials including biological molecules 335 , generating technological opportunities. Added to this, the challenges in obtaining homogeneous dispersions and strong interfacial interactions, which can be better done by surface grafting/functionalizations, make the use of CNTs in composites more intriguing 49 . d) Various applications of CNTs in composites have been reported extensively 30, 33, . e) The possibility of spinning polymers to obtain textiles 10 certainly constitutes a great promise for their extended use in a variety of applications, particularly in the electronic and thermal management sectors. f) Nanoreinforcements with biodegradable polymers have a high potential for the design of environmentally friendly 'green materials' for future applications. On the whole, opportunities and rewards appear to be great with nanocomposites and hence there is a tremendous worldwide interest in these materials.
Processing of Nanocomposites

Raw materials
As with microcomposites, CMNC matrix materials include Al 2 O 3 , SiC, SiN, etc., while metal matrices employed in MMNC are mainly Al, Mg, Pb, Sn, W and Fe, and a whole range of polymers, e.g. vinyl polymers, condensation polymers, polyolefins, speciality polymers (including a variety of biodegradable molecules) are used in PMNC. In general, it is the reinforcement that is in the nanorange size in these materials. Both synthetic and natural crystalline reinforcements have been used, such as Fe and other metal powders, clays, silica, TiO 2 and other metal oxides, although clays and layered silicates are the most common 176 . This is so due to their availability with very low particle sizes and well-known intercalation chemistry 18, 50, 51 , in addition to generating improved properties even when they are used at very low concentrations 252 . Most of these reinforcements are prepared by known techniques: chemical, mechanical (e.g. ball milling), vapour deposition, etc.; details of these may be found in many of the references given in the following sections.
Similarly, CNTs are prepared mostly by chemical/vapour deposition methods and details are available elsewhere [319] [320] [321] [322] [323] [324] [325] [326] [327] . A bibliometric analysis of CNTs made in 2000 335 revealed that about 49% of the patents filed between 1992-1999 were related to the processing of CNTs and about 14% to their structure, properties and models. CNTs consist of graphene cylinders and are available in two varieties, as single walled (SWCNT) and multi walled (MWCNT), with about 70% yield in the case of SWCNT 317 . While SWCNTs are single graphene cylinders, MWCNTs consist of two or more concentric cylindrical sheets of graphene around a central hollow core. Both types exhibit physical characteristics of solids, either metallic or semiconducting in nature, with microcrystallinity and very high aspect ratios of 10 3 . Surface modifications of reinforcements are carried out to give homogeneous distribution with less agglomeration, and to improve interfacial bonding between the matrix and the nanosized reinforcements. Details on these can be found in the references given for each type of nanocomposites in later Sections. In the case of CNTs, use of surfactants, oxidation or chemical functionalization of surfaces are some of the techniques employed 27 . Chemical methods may be more effective, particularly for polymer and ceramic matrices. Physical blending and in situ polymerization are used for improving dispersion in the case of CNT-reinforced polymer composites, while alignment of CNTs could be achieved by techniques such as ex-situ techniques (filtration, template and plasma-enhanced chemical vapour deposition, force field-inducements, etc.) 33 . Hydrolysis and polycondensation reactions of an (in)organic molecular precursor dissolved in organic media. Reactions lead to the formation of threedimensional polymers containing metal-oxygen bonds (sol or gel) → drying to get a solid material and further consolidation by thermal treatment.
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Processing methods
Despite their nano dimensions, most of the processing techniques of the three types of nanocomposites remain almost the same as in microcomposites. This is also true even for CNT-reinforced composites. Details on these techniques are given below.
Ceramic Matrix Nanocomposites (CMNC)
Many methods have been described for the preparation of ceramic matrix nanocomposites 20, 38, . The most common methodologies, as used for microcomposites, are Conventional powder method; Polymer precursor route; Spray pyrolysis; Vapour techniques (CVD and PVD) and Chemical methods, which include the sol-gel process, colloidal and precipitation approaches and the template synthesis. While Table 3a lists systems prepared by some of these methods, Table 3b shows their advantages and limitations. Scheme 1a depicts the conventional powder method and Scheme 1b illustrates the polymer precursor route used in the synthesis of an Al 2 O 3 /SiC nanocomposite.
A large variety of parameters affecting the sol-gel process, such as type of solvent, timing, pH, precursor, water/metal ratio, etc., allow a versatile control of structural and chemical properties of the final oxide materials 61 . Regarding the processing of carbon nanotubes (CNT)-reinforced ceramic nanocomposites, many approaches have been described 20, . Several of these are listed in Table 3c . Sol-Gel Process Simple, low processing temperature; versatile; high chemical homogeneity; rigorous stoichiometry control; high purity products; formation of three dimensional polymers containing metal-oxygen bonds. Single or multiple matrices. Applicable specifically for the production of composite materials with liquids or with viscous fluids that are derived from alkoxides.
Greater shrinkage and lower amount of voids, compared to the mixing method. 
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Metal Matrix Nanocomposites (MMNC)
The most common techniques for the processing of metal matrix nanocomposites are Spray pyrolysis; Liquid metal infiltration; Rapid solidification; Vapour techniques (PVD, CVD); Electrodeposition and Chemical methods, which include colloidal and sol-gel processes. Table 4a lists various systems prepared by these methods and Table 4b shows their advantages and limitations. Only two reports are found, for example, on Fe-based nanocomposites prepared by solidification techniques. The first one, by Branagan 121 , is called "devitrified nanocomposite steel". This was obtained by quenching the metallic glass obtained from a Fe-based alloy, followed by devitrifying the glass precursor through heat treatment above its crystallization temperature. This resulted in a material showing a crystalline multi-phase microstructure. The formation of nanophases was explained by the high nucleation frequency within the limited time for growth of grains before impingement. In order to explain the very high hardness of these Fe-based nanocomposites, Branagan and Tang studied 122 novel nanostructures obtained in bulk Fe alloys by designing alloy compositions with different amounts of W and C to get maximum solubility. Difficulties have been encountered in preparing composites with very fine particles due to their induced agglomeration and non-homogeneous distribution. Use of ultrasound helped to improve the wettability between the matrix and the particles.
A number of CNT-reinforced MMCs have been synthesised by different techniques 87, [135] [136] [137] [138] [139] [140] [141] since the first report in 2002
137
. Some of these techniques are listed in Table 4c .
Polymer Matrix Nanocomposites (PMNC)
Many methods have been described for the preparation of polymer nanocomposites, including layered materials and those containing CNTs . The most important ones are i) Intercalation of the polymer or pre-polymer from solution; ii) In-situ intercalative polymerization; iii) Melt intercalation ( Figure 1) ; iv) Direct mixture of polymer and particulates; v) Template synthesis; vi) In-situ polymerization; and vii) Sol-gel process. Publications dealing with various methods for the incorporation of nanodispersoids into conducting polymers are also available 19, 201, 234 ; the most prominent one is probably the incorporation of inorganic building blocks in organic polymers. Table 5a shows the procedures adopted in some of these processes, while their advantages and limitations are listed in Table 5b .
Intercalative processes employed for the preparation of polymerbased nanocomposites, including those containing layered silicates, are shown in Scheme 2. It may be noted that, in this method, a range of nanocomposites with structures from intercalated to exfoliated can be obtained, depending on the degree of penetration of the polymer chains into the silicate galleries. As a result, this procedure has become standard for the preparation of polymer-layered silicate combinations.
The preparation of CNT-reinforced polymer nanocomposites is generally performed by different methods, including direct mixing, solution mixing, melt-mixing and in-situ polymerisation. These, as applicable to various systems 187, 202 , are listed in Table 5c . Fe/MgO, W/Cu i) Dissolution of the inorganic precursors (starting materials) in a suitable solvent to get the liquid source; ii) Generation of a mist from this liquid source using an ultrasonic atomizer; iii) Use of a carrier gas to carry the mist into a pre-heated chamber. iv) Vaporisation of the droplets in the chamber and trapping with a filter, promoting their decomposition to give the respective oxide materials; v) Selective reduction of the metal oxides to produce the respective metallic materials.
11
Liquid Infiltration Pb/Cu, Pb/Fe, W/Cu/ Nb/Cu, Nb/Fe, Al-C 60 i) Mixing of fine reinforcement particles with the matrix metal material; ii) Thermal treatment, whereby the matrix melts and surrounds the reinforcements by liquid infiltration; iii) Further thermal treatment below the matrix melting point, to promote consolidation and eliminate internal porosity.
11, 114-117
Rapid Solidification Process(RSP) Al/Pb, Al/X/Zr (X = Si, Cu, Ni), Fe alloy i) Melting of the metal components together; ii) Keeping the melt above the critical line of the miscibility gap between the different components to ensure homogeneity; iii) Rapid solidification of the melt by any process, such as melt spinning.
118-122
RSP with ultrasonics
Al/SiC Use of ultrasonics for mixing and for improving wettability between the matrix and the reinforcements.
123
High Energy Ball Milling
Cu-Al 2 O 3 Milling the powders together till the required nanosized alloy is obtained → Nanocomposite.
124
CVD/PVD Al/Mo, Cu/W, Cu/Pb PVD: i) Sputtering/evaporation of different components to produce a vapour-phase; ii) Supersaturation of the vapour phase in an inert atmosphere to promote the condensation of metal nanoparticles; iii) Consolidation of the nanocomposite by thermal treatment under inert atmosphere. CVD: Use of chemical reactions to get vapours of materials, followed by consolidation.
125-129
Chemical Processes (Sol-gel, Colloidal) Ag/Au, Fe/SiO 2 , Au/Fe/Au
Colloidal Method: i) Chemical reduction of inorganic salts in solution to synthesize metal particles; ii) Consolidation of the dry material; iii) Drying and thermal treatment of the resulting solid in reducing atmosphere, such as H 2 , in order to promote selective oxide reduction and generate the metal component. Sol-gel process: i) Preparation of two micelle solutions using mesoporous silica containing 0.1 M HAuCl 4 (aq.) and 0.6 M NaBH 4 (aq.); ii) Mixing under ultraviolet light till complete reduction of the gold. For Fe/Au-containing nanocomposites: i) Synthesis of the iron shell; ii) Preparation of the second shell and drying of the powders after second gold coating; iii) Pressing of the mixture to get the final material..
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Similarly, different processing techniques, mostly chemical and electrochemical methods, have been employed for the preparation of conducting polymer nanocomposites 19 . Table 6a summarizes these methods, while a relevant categorization of these nanocomposites is presented in Table 6b .
In the case of nanocomposites containing layered reinforcements, depending on the nature of the components (layered silicate, organic cation and polymer matrix), the method of preparation and the strength of interfacial interactions between the polymer matrix and the layered silicate (modified or not), three different types of PLS nanocomposites may be obtained, as illustrated in Figure 2 18 . When the polymer is unable to intercalate between the silicate sheets, a phase-separated composite ( Figure 2 ) is obtained, whose properties stay in the same range as that of traditional microcomposites. On the other hand, in intercalated nanocomposites, the insertion of a polymer matrix into the layered silicate structure occurs in a crystallographically regular fashion, regardless of the clay to polymer ratio. A well ordered multilayer morphology built up with alternating polymeric and inorganic layers is generated. Normally, only a few molecular layers of polymer can be intercalated in these materials.
The in-situ method can be used with mineral/vegetal fibres, with the possibility to attach the polymer to the grafted surface through linking High cost associated with producing large quantities of uniform, nanosized particles.
11
Liquid Infiltration Short contact times between matrix and reinforcements; moulding into different and near net shapes of different stiffness and enhanced wear resistance; rapid solidification; both lab scale and industrial scale production.
Use of high temperature; segregation of reinforcements; formation of undesired products during processing.
11, 114-117
Rapid Solidification Process (RSP) Simple; effective.
Only metal-metal nanocomposites; induced agglomeration and non-homogeneous distribution of fine particles.
118-122
RSP with ultrasonics Good distribution without agglomeration, even with fine particles.
High Energy Ball Milling
Homogeneous mixing and uniform distribution. 124 CVD/PVD Capability to produce highly dense and pure materials; uniform thick films; adhesion at high deposition rates; good reproducibility.
Optimization of many parameters; cost; relative complexity.
125-129
Chemical Processes (Sol-Gel, Colloidal)
Simple; low processing temperature; versatile; high chemical homogeneity; rigorous stoichiometry control; high purity products.
Weak bonding, low wear-resistance, high permeability and difficult control of porosity. Encasing of the layered silicate within the liquid monomer or a monomer solution → formation of polymer between the intercalated sheets. Polymerization by heat or radiation, by diffusion of a suitable initiator or by a catalyst fixed through cation exchange inside the interlayer, before the swelling step.
130-134
158-164
Melt Intercalation
Montmorillonate with PS/PEO/PP/ PVP, Clay-PVPH Annealing of a mixture of the polymer and the layered host above the softening point of the polymer, statically or under shear. Diffusion of polymer chains from the bulk polymer melt into the galleries between the host layers during annealing (Figure 1 ).
165-169
Template 
158-164
Melt Intercalation
Environmentally benign; use of polymers not suited for other processes; compatible with industrial polymer processes.
Limited applications to polyolefins, who represent the majority of used polymers.
165-169
Template Synthesis Large scale production; easy procedure. Limited applications; based mainly in water soluble polymers, contaminated by side products.
170-175
Sol-Gel Process See Table 3b . See Table 3b . . Despite the successful use of these different methods for the preparation of polymer-based nanocomposites, information on various factors is still lacking, such as i) the use of an appropriate method for a specific matrix-reinforcement combination or ii) the maximum amount of reinforcements to give optimum property combinations and lower the cost of the processes, etc. Therefore, it is still necessary 
Structure and Properties
The structure of nanocomposites usually consists of the matrix material containing the nanosized reinforcement components in the form of particles, whiskers, fibres, nanotubes, etc.
93
. Different investigators have employed various equipments and techniques for the characterization of nanocomposites, including atomic force microscopy (AFM), scanning tunnelling microscopy (STM), Fourier transformed infrared spectroscopy (FTIR), X ray photoelectron spectroscopy (XPS), nuclear magnetic resonance (NMR), differential scanning calorimetry (DSC), scanning and transmission electron microscopy (SEM/TEM), etc. For example, AFM is a powerful tool to study the surface even down to the nanometre scale, as evident from the work of Veith et al. 303, 304 . Simultaneous small angle X ray scattering (SAXS) and X ray diffractometry (XRD) studies have been recently used for quantitative characterization of nanostructures and crystallite structures in some nanocomposites 34, 307, 308 . In addition, theoretical calculations/simulations have been worked out to predict strength properties, including stress/strain curves 41, 52, 166, 169, [207] [208] [209] [210] [211] [212] 290, 291 . Before discussing structure and properties of nanocomposites, including those containing CNTs, a brief description of CNTs will be made here , because of their unique properties compared to other reinforcements. Briefly, the density of SWCNTs is less than one sixth of that of steel 335 while the density of MWCNT is one half of that of Al
30
. Tensile strengths of SWCNT and MWCNTs are reported [313] [314] [315] [316] 335 to be in a range much higher than of high strength steel, while Young's modulus values are comparable to those of diamond. They exhibit tremendous resilience, in that they can sustain bending to large angles and restraightening without damage, in which they differ from the plastic deformation of metals and the brittle fracture of carbon fibres. Similarly, theoretical thermal and electrical conductivities are comparable with that of diamond, with an almost negligible thermal expansion coefficient 30 . They also exhibit high thermal stability both in air and in vacuum, compared to the lower values obtained for metal wires in microchips, and high parallel and perpendicular magnetic susceptibilities. Theoretical surface area values of these materials are ca. 3,000 m 2 /g [318] [319] [320] [321] , while the experimentally reported values vary depending on the gas used during the measurements. This information is summarized in Table 7 . 
Ceramic matrix nanocomposites
Ceramics are usually brittle and easily fractured as consequence of crack propagation. There have been attempts to make ceramics suitable for engineering applications through the incorporation of a ductile metal phase or another ceramic into the matrix. This leads to improved mechanical properties such as hardness and fracture toughness, which occur as a result of the relationship between the different phases, matrix and reinforcements, at the phase boundaries throughout the material. The surface area/volume ratio of the reinforcement materials is of fundamental importance in the understanding of the structure-property relationship in CMNCs. We shall therefore first discuss these improvements in some ceramic-based nanocomposites and relate them with the observed morphologies.
3.1.1. Ceramic matrix-discontinuous reinforcement nanocomposite systems Table 8 shows examples of ceramic nanocomposites and of the observed improvements in their properties compared to the respective monolithic materials. Table 9 compares the mechanical properties of the Al 2 O 3 /SiC system and its microcomposite counterpart 39, [103] [104] [105] . It can be seen from these tables that there is a significant improvement in the strength of the nanocomposite compared with its micro counterpart. The fracture strength, as an example, is noticeably higher because of the higher interfacial interaction between the particles in nanocomposites. Besides, Al 2 O 3 -5 to 15% SiC systems exhibited 90 superficial grooves of plastic deformation compared to the intergranular fracture observed in monolithic materials. There was no time-dependant wear transition for these composites even at loads of 20-100 N, but pretransition wear rates of 1-2 x 10 -8 mm/Nm were observed for both the monolithic and composite materials. The specific wear rate decreased with sliding distance. This enhancement of properties observed in ceramic nanocomposites can also be illustrated by the Si 3 N 4 /SiC system (Table 10) 106,107 . It can be seen that the nanocomposite presents significant improvements in fracture strength and toughness, high temperature strength and creep resistance compared with its micro counterpart and to the monolithic matrix component. For example, the Si 3 N 4 /30% SiC system has strength of 1080 MPa up to 1673 K, whereas the strength of the monolithic sample decreases considerably at high temperatures. Furthermore, at 1673 K and tension of 200 MPa, Si 3 N 4 fails after 0.4 hours at 0.3% strain, whereas the Si 3 N 4 /10% SiC nanocomposite does not fail even after 1,000 hours at 1.5% strain.
Coming to morphological studies, Figure 3a -c shows the microstructures of some ceramic matrix nanocomposites of Al 2 O 3 and Fe 2 O 3 containing a good distribution of Co and Ni nanoparticles or of CNTs. The presence of metal particles leads to the improvement of electrical and thermal conductivities and of magnetic, electronic and optical properties, as well as to the development of novel and unique features due to the nanosized components. Figure 4 shows SEM and TEM images of the Al 2 O 3 -SiC nanocomposites, while Figure 5 shows the high resolution TEM photographs. SEM results (Figure 4a ) reveal agglomeration of the matrix particles. The grains are ~2 µm in size. TEM analysis ( Figure 4b ) shows a characteristic intra/intergranular structure. The intragranular SiC particle is approximately 500 nm in size ( Figure 4c ). In addition, in the upper part of the HRTEM image ( Figure 5 ), a layer of an amorphous phase is clearly visible in a typically (local) edge-on orientation at the interface of two crystalline phases. However, this layer fades away in the lower section of the image, where the two phases seem to merge with an atomic level lattice match pattern 39, [103] [104] [105] . Figure 6 shows the microstructure of the Si 3 N 4 /SiC nanocomposite. One can observe that the nanosized SiC particles are intimately dispersed through out the matrix material. In addition, they are embedded within the matrix of large Si 3 N 4 grains and at grain boundaries, having inter-and intragranular environments 106, 107 . These morphologies help understanding the observed properties.
Another aspect to be noted is the mechanism of growth of the two phases in nanocomposites, as illustrated by AFM photographs 2.4-6.0 4.6-5.5 
Ceramic matrix-CNT Systems
The effect of CNT loading on mechanical properties of the SiO 2 / CNT nanocomposites is shown in Figure 8 
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. When the volume content of CNT is lower than 5 vol. %, both bending strength and fracture toughness increase with increasing volume of CNTs. However, loadings higher than 5% cause decrease in these two properties. At 5 vol. %, the increment in strength and fracture toughness, compared with that of monolithic SiO 2 , is up to 65 and 100%, respectively. This increase in mechanical properties is due to the large aspect ratio and excellent mechanical properties of CNTs, according to the theory of short fibre-reinforced composites uras -Materials Research (Roman), tamanho 8. has com 0.5 de Stroke. entes a "Dados gráficos" com 0.6 de Stroke. uver rosa do ventos na imagem original, substituir pela padrão da paleta symbols. de barras com 10% de preto quando houver texto e 50% quando não. la ou figura devem estar todos em Inglês. m estar dentro de caixas de texto com 2 mm de distância nas extremidades. a ou gráfico deve estar em "Sentence case". as deverá ter 1 ponto de Stroke. resentam figuras ex: (a), devem estar centralizadas na parte inferior da imagem.
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resentam figuras ex: (a), devem estar centralizadas na parte inferior da imagem. ias, seguir padrão correto (respeitando estilo de escala, posição dos dados, caixa rte inferior da imagem, fundo preto). loading is due to the hindrance caused by CNTs during densification, as they show a higher probability for agglomeration. Consequently, the increased agglomeration leads to the loss of bonding. Also, the higher the loading of CNTs, the higher is their pull out from the matrix during stress transfer 274 . Unusual behaviours such as high contact-damage resistance without a corresponding improvement in toughness have also been reported in Al 2 O 3 /nanotube composites 91, 92 . The microhardness of these systems increases as the CNT content is increased up to 4 wt. (%). This is probably due to grain size effects and the reinforcement role of CNTs, as shown in Figure 9a . However, the effect decreases again above 4 wt. (%), probably due to the difficulty in dispersing CNTs homogeneously in the composite and to the problem of poor cohesion between CNTs and the matrix 107 . This trend is also observed in the wear loss and friction coefficient, as shown in Figure 9b . It can be seen that the wear loss of the 4 wt. (%) composite decreased by nearly 45% as compared to that of the pure matrix. As the CNT content increased above 10 wt. (%), wear losses also notably increased. Friction coefficients decreased gradually as the CNT content increased from 0 to 10 wt. (%), and then dropped sharply at 12.5% CNT content. This trend is attributed to the lubricating properties of the CNTs (graphite) 76 .
Ma and co-workers prepared SiC/CNTs which showed a 10% improvement in the strength and fracture toughness as compared to the monolithic ceramics 108 . These modest results were attributed to nanotube/matrix debonding and crack deflection 20 . As a consequence, many attempts have been made to develop improved mechanical properties through the incorporation of CNTs in ceramic matrices. However, the observed improvements were not as dramatic as expected. In this context, recently, Zhan et al. 109 successfully applied SWCNTs in the reinforcement of ceramic composites through spark-plasma sintering (SPS), which resulted in a 194% increase in fracture toughness over pure alumina [~9.7 MPam 1/2 in the 10 vol. % SWCNT/Al 2 O 3 nanocomposite]. Also, the electrical properties of ceramic / CNTs nanocomposites have been sharply enhanced, as illustrated in Table 11 , due to the outstanding electrical properties of CNTs 110 . Using Griffith's theory and residual stress around nanoparticles in the matrix, Awaji et al. 36 have proposed a mechanism for toughening and strengthening in ceramic-based nanocomposites. They observed that the coefficient of thermal expansion of both matrix and nanoparticles had an effect on residual stresses which was sufficient to cause lattice defects such as dislocations around particles in ceramics. Dislocations were also generated around the particle by the nanoparticles in the matrix.
A 24% increase in fracture toughness (3.4-4.2 MPam 1/2 ) over the matrix was observed in nanograined Al 2 O 3 composite (average diameter 39 nm) containing 10 vol. % MWCNT 85 , which was attributed to the oxidation of CNTs before dispersion. In this case the material was produced in three conditions, viz., mixed, hot pressed (1573 K) and , where it can be seen that CNTs are homogeneously dispersed in both matrices. This could explain the observed strength properties.
It can be seen that each processing method has its own advantages in yielding appropriate structures and properties for each system, and hence there is need to find out proper combinations of processing, together with the suitable systems, to arrive at optimum properties.
Metal matrix nanocomposites
3.2.1. Metal -discontinuous reinforcement systems Table 12 illustrates examples of some metal matrix nanocomposites and their respective properties.
The α-Fe/Fe 23 C 6 /Fe 3 B system provides a good example of how unique properties may arise from metal nanocomposites. Table 13 shows the measured hardness values (GPa) of the ingot and ribbon samples prepared from this system 122 . Vickers hardness values of these two forms of the alloy produced by Branagan and Tang 122 were found to be 10.3 and 11 GPa in the as-solidified condition. The ribbon variety showed increased hardness with increasing heat treatment temperature, showing a maximum of 16.2 GPa at 973 K [higher than any existing commercial steel and hard alloys] and there after decreasing to 10.5 GPa at 1123 K. This can be compared to the decreasing trend of the ingot type (8 and 6.6 GPa at 873 and 973 K respectively).
The Al/SiC system also illustrates the advantages of metal nanocomposites compared to their micro counterparts [145] [146] [147] . Figure 12a shows plots of Vickers hardness vs. SiC content, while Figure 12b presents plots of Young's and shear modulus as a function of SiC content. There is a linear increase in hardness with increasing volume fraction of the harder phase (SiC) until the maximum value of 2.6 GPa for the sample that contains 10 vol. % of SiC. The values of Young's and shear modulus increase significantly with increasing SiC content, suggesting the formation of a nanocomposite material containing a brittle phase (SiC) embedded in the ductile Al matrix. Table 14 shows some mechanical properties of both nano-and microcomposites of Al/SiC.
It can be clearly seen that the Al/SiC nanocomposite exhibits notably higher Young's modulus and hardness than its micro counterpart. For example, the nanocomposite shows 12.6% increase in hardness and 105.1% in Young's modulus [145] [146] [147] . Also, Al/Pb nanocomposites exhibited improved frictional features [119] [120] [121] . The nanosized dispersoids lowered the coefficient of friction [0.3 for nanocomposite compared to 0.42 for the microcomposite] due to the formation of a uniform lead-rich tribo layer, with material transfer being an order of magnitude lower than in the micro-sized counterpart. The comparative wear loss of nano and microsized Al/Pb composites is shown in Figure 13 119 . Coming to the morphological studies of metal matrix-based nanocomposites, analysis of the structure and identification of the nanophases in α-Fe/Fe 23 C 6 /Fe 3 B alloys using X ray diffraction and TEM with EDAX revealed the existence of two cubic and one tetragonal phase. The three phases exhibited the size of 4 µm [4,000 nm] in the ingot alloy, while in the heat-treated ribbon alloy the size of the phases was in the range of 100-130 nm. Based on these, the observed hardness was attributed to the nanostructure and to the super saturation of Cr and W above their equilibrium solubility in Fe. These studies also suggested the possible synthesis of very hard and inexpensive materials for three bodies wear applications and to replace expensive hard metals such as in cobalt-based materials. Figure 14 shows TEM/SAED images of this , seguir padrão correto (respeitando estilo de escala, posição dos dados, caixa inferior da imagem, fundo preto). que houver rosa do ventos na imagem original, substituir pela padrão da paleta symbols. imento de barras com 10% de preto quando houver texto e 50% quando não. a tabela ou figura devem estar todos em Inglês. as devem estar dentro de caixas de texto com 2 mm de distância nas extremidades. a figura ou gráfico deve estar em "Sentence case". e mapas deverá ter 1 ponto de Stroke.
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rografias, seguir padrão correto (respeitando estilo de escala, posição dos dados, caixa na parte inferior da imagem, fundo preto). stage of wear, while the behaviour at late stages was affected by the processing technique. In addition, some elongation of particles was also observed, along with coarsening of Pb particles during sliding, due to dislocation-aided diffusion.
Metal matrix-CNT composites
Let us now look into the CNT-containing metal matrix nanocomposites. Electrical properties of an Al/CNT system measured between 4.2 K and room temperature revealed an increase from 4.9 to 6.6 µΩ cm at room temperature for 1 and 4 wt. (%) CNTs, but a decrease to 5.5 µΩ cm for 10 wt. (%) CNT (Figure 17 ), compared to the value of 3.4 µΩ cm for the Al matrix. At lower temperatures [70-80 K] , resistivities of all composites decreased linearly, as in the case of metals, with an abrupt drop of about 90%. The mechanism of these changes is yet to be understood.
On the other hand, compression testing of these Al-CNT composites 139 showed identical stress strain curves for both the composite without the precursor and pure Al, except for large elastic strain, while those with the precursor, though similar in shape, exhibited increased compression stresses. At a higher MWCNT loading (1.6 vol. %), proof stress increased seven fold, in contrast to a not so remarkable improvement in polymer-CNT composites 196, 197 . Fractographs of the composite revealed no MWCNT aggregates, but instead their uniform distribution without any pullouts. The enhanced mechanical property has been attributed to the confinement of the Al matrix by the MWCNTs on nanoscale.
Internal friction measurements on Mg-based nanocomposites as a function of temperature up to 500 K revealed almost identical spectra for both the composites [Al-Saffil covered with CNT and Al-SaffilCNTs] with thermal hysteresis 141 . A maximum damping was observed at about 300 K for 1 Hz frequency, associated with the maximum shear modulus for both the composites. On the other hand, larger hysteresis and rapid increase of internal friction -reaching a maximum at 350 K -was observed for the third composite [Mg 1 vol. % CNT]. However, shear modulus decreased for all three composites, being about 20% higher for Mg-Saffil-CNT than that for Mg-Saffil. SEM fractographic studies showed an Mg matrix embedded with CNTs and covering of saffil fibres with CNTs.
In the case of Sn 2 Sb/CNT nanocomposites, higher specific capacity than that shown by CNTs and improved cyclability relative to unsupported Sn-Sb alloy particles were observed. This behaviour was attributed to the high dispersion of Sn 2 Sb in the CNT matrix. SEM and TEM examinations confirmed 136 the presence of nanometric Sn 2 Sb particles homogeneously dispersed in the CNTs (Figure 18 ).
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Polymer matrix nanocomposites
Structure-property correlations in polymer nanocomposites have been extensively dealt with in a recent book 292 , which describes the mechanical properties of polymers based on nanostructure and morphology. . The second kind of reinforcement is formed by nanotubes or whiskers, which contain two dimensions in the nanometre scale and one larger, forming an elongated structure. Carbon nanotubes and cellulose whiskers, extensively studied as reinforcing nanofillers, can be included in this second category. The third type of reinforcement is characterized by only one dimension in the nanometre range [220] [221] [222] . In this group, the filler contains sheets one to a few nanometres thick and hundreds to thousands nanometres long. This family is called polymer-layered nanocomposites 2, 18, 26 . These materials are obtained by intercalation of the polymer (or a monomer subsequently polymerized) inside the galleries of the layered host. Many synthetic and natural crystalline hosts that are able, under specific conditions, to intercalate a polymer have been described. Examples include graphite, metal chalcogenides (MoS 2 , for example), clays, layered silicate (montmorillonite, hectorite, saponite, fluoromica, fluorohectorite, vermiculite and kaolinite) and layered double hydroxides. Nanocomposites based on clay and layered silicates have been widely investigated due to the availability of clay starting materials and their well-known intercalation chemistry as mentioned earlier 18, 50, 51, 223 . Figure 20 shows the variation in quasi-static fracture toughness as a function of the volume percentage of TiO 2 in the polyester/TiO 2 nanocomposite. The addition of TiO 2 particles has a great effect on fracture toughness. At loadings of 1, 2 and 3 vol. %, an increase of 57, 42 and 41%, respectively, can be observed, when compared with that of the original polyester. However, at 4 vol. % TiO 2 , toughness (0.55 MPam 1/2 ) decreased approximately to the value given by the polyester matrix (0.54 MPam 1/2 ).This variation can be explained in terms of nanocomposite structure, as illustrated in Figure 21 . , 19 (1980) 983], layered structures are classified as two-dimensional (grown preferentially in two dimensions). This is opposite to the usual interpretation given by polymer nanocomposite scientists, who consider the number of nanodimensions of the reinforcing agents to classify them. In the case of layered structures, they are in the nanorange in only one dimension, though they may possess three dimensions and hence the material is termed as 'one-dimensional'. On the same line, nanoparticles and nanotubes, which have three and two nanorange dimensions respectively, are classified as isodimensional and two-dimensional respectively. Following the majority of the papers dealing with polymer nanocomposites, which use the nomenclature adopting the number of nanorange dimensions, the same terminology will be followed throughout this paper.
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, seguir padrão correto (respeitando estilo de escala, posição dos dados, caixa inferior da imagem, fundo preto). It can be observed that the specimens containing 1, 2 and 3 vol. % TiO 2 show excellent particle dispersion. Conversely, considerable agglomeration was present in the specimens containing 4 vol. % TiO 2 . Authors have assigned the initial increase in fracture toughness, followed by the precipitous decline observed at 4 vol. %, to the level of dispersion of nanoparticles within the matrix and to the weak bonding between the titania particles and the polyester 180 . The structure of polymer nanocomposites reinforced with isodimensional particles is similar to that of ceramic and metal nanocomposites. In this type, the reinforcement material is distributed all over the polymer matrix, as illustrated in Figure 22 . The microstructure of some particle-reinforced polymer nanocomposites is shown in Figure 23 . Figure 23a shows the TEM micrograph of polyacrylic acid/silver nanocomposite, showing spherical Ag particles of 10-80 nm size . In this case, the particles retain the nanosize dimension due to the protective action of the polymer layer.
SEM analyses of PET-uncoated CaCO 3 nanocomposites ( Figure 23c ) show large particles which seem to be quite welded to PET
181
. On coating, these particles get even larger, but again are well welded. Figure 23d , on its turn, is a field emission SEM of transparent polymaleimide-27.4 wt. (%) silica nanocomposite without any addition of colloidal silica, synthesised by the sol-gel process and showing discrete domains of an inorganic phase with narrow particle size distribution (10-20 nm) 224 . This composite showed better thermal stability with higher Tg (527 K-254 °C) compared to 458 K (185 °C) for the N-butyl-substituted polymaleimides, and a higher decomposition temperature of 834 K (561 °C) compared to N-alkyl-substituted polymaleimides.
Most of the properties observed in polymers-discontinuous reinforcement systems are directly related to their structure. For example, PSM/CdSe nanocomposite (PSM = poly (styrene-alt-maleic anhydride) showed an emission peak at 540 nm in its photoluminescence spectrum, which was close to the absorption edge of the obtained CdSe particles 225 . According to the authors, this type of near band edge emission is typical of surface-passivated nanocrystalline CdSe. For nanoparticles, a large percentage of defects are located at the surface. If these defects are not passivated, non-radiative recombination will occur, as they act as traps for electron and hole annihilation. Therefore, it is conceivable that PSM modified the surface structure and enhanced the luminescence properties of CdSe nanoparticles 225 . As can be seen from TEM images of this material (Figure 24 ), CdSe nanoparticles are uniform and monodisperse, with an average size of about 17 nm. In this case, it is feasible that PSM played an important role in controlling the size and the monodispersion of the nanoparticles 225 . Interactions between PSM and CdSe particles were also investigated and are supported by IR and UV-visible spectroscopy.
In the PVA/Ag nanocomposite system, a strong influence of the Ag nanofiller (~20 nm) was observed on the material strength and thermal properties, even at low concentration (<1 wt. (%)) 178 . For example, the glass transition was shifted towards higher temperatures by 20 K and the thermal stability was improved by about 40 K in the case of the nanocomposite containing 0.73 wt. (%) Ag. Also, nanocomposite films showed deformation behaviour characteristic of semicrystalline materials, with a clearly distinguished yield point, while no yield point was observed in the deformation of the pure PVA matrix. These changes in the thermal and mechanical behaviour of PVA in the presence of the Ag nanofiller were discussed in terms of polymer chains attached to the surface of Ag nanoparticles. The improved thermal stability was explained on the basis of the reduced mobility of the PVA chains in the nanocomposite. In this system, a strong influence of nanoparticles on the material strength was also observed. The stress at break of the nanocomposite film with 0.33 wt. (%) of silver was almost 100% higher than the corresponding value for the pure matrix. Finally, the strain at break slightly decreased with increasing nanoparticle content 178 . From the phase contrast AFM of poly-para-xylylene composites containing Pd or Sn nanoparticles (Figure 25a-c) , prepared by vacuum co-condensation of both the metal and the polymer 47 , one can identify surface imperfections as well as metal particle sizes (7-10 nm). Surface morphology seemed to depend on the type of metal, with good surface uniformity for Pd. In the Pd case, particles were identified as an inors.
Reinforcing material
Polymer chains 
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ias, seguir padrão correto (respeitando estilo de escala, posição dos dados, caixa rte inferior da imagem, fundo preto). ganic phase with spherical globules of ~200 nm size. In the case of tin, separated Sn particles localized on polymer spherulites (Figure 25b ) and aggregates of Sn nanoparticles connected in continuous chains are evident. The ionic conductivity of these nanocomposites is reported to have improved when compared with that of the pure polymer.
Polymer nanocomposites with layered reinforcements
Polymer layered silicate (PLS) nanocomposites have attracted great interest due to their improved properties compared with the pure polymer and conventional micro and macrocomposites. Some of these improvements include high moduli, increased strength and heat resistance, decreased flammability and gas permeability and increased biode gradability 1, 158, 166, 207, 210, 211, [235] [236] [237] [238] [239] [240] [241] [242] [243] . Two particular characteristics of layered silicates are generally considered for PLS nanocomposites. The first is the ability of the silicate particles to disperse into individual layers (totally delaminated or exfoliated). The second is the ability to fine-tune their surface chemistry through ion exchange reactions with organic and inorganic cations. These two are, of course, interrelated, since the degree of dispersion of a layered silicate in a particular polymer matrix depends on the interlayer ionic species.
Although the intercalation chemistry of polymers towards layered silicates has long been known 245, 246 , the field of PLS nanocomposites has recently gained impressive attention, due to two important findings. Firstly, the results obtained on Nylon-6 (N6)/montmorillonite (MMT) nanocomposites, which showed that a small concentration of layered silicate lead to remarkable changes in thermal and mechanical properties 26 . Secondly, the observation by Vaia et al. 247 that it is possible to melt-mix polymers with layered silicates, without the use of organic solvents.
The structural family called the 2:1 phyllosilicates is the most commonly used layered silicate in polymer nanocomposites. Their twodimensional layers are made up of two tetrahedrally coordinated silicon atoms fused to an edge-shared octahedral sheet of either aluminium or magnesium hydroxide. The layer thickness is around 1 nm and its lateral dimensions may vary from 300 Å to several micra or larger, depending on the nature of the silicate 26 . Stacking of these layers generates a regular van der Waals gap, which is called the 'interlayer' space or the 'gallery'. Isomorphic substitution within the layers produces negative charges that are counterbalanced by alkaline or alkaline earth cations located in the interlayer. . Because the forces that hold the stacks together are relatively weak van der Waals interactions, the intercalation of small molecules between the layers is simple 143 . In some cases, the hydrated interlayer cations can be exchanged by ion-exchange reactions with cationic surfactants including primary, secondary, tertiary and quaternary alkylammonium or alkylphosphonium. In organosilicates, these alkylammonium or alkylphosphonium cations lower the surface energy of the inorganic host and improve the wetting characteristics of the polymer matrix, resulting in a larger interlayer spacing. Moreover, these cations provide functional groups that can react with the polymer matrix or initiate the polymerization of monomers to improve the strength of the interface between the inorganic component and the polymer matrix 50, 245, 248, 249 . Montmorillonite, hectorite and saponite are the most commonly used layered silicates. Their structure is presented in Figure 26 and their formulae in Table 16 235 . When the hydrated cations are ion-exchanged with bulkier organic cations, a larger interlayer spacing is usually obtained (Figure 26) .
The main reason for the remarkable improvements observed in polymer/layered-silicate nanocomposites is the stronger interfacial interaction between the matrix and the silicate, compared to conventional filler-reinforced systems. Some examples will be given below in order to illustrate this statement.
The incorporation of MMT (montmorillonite) into a Nylon-6 matrix has led to a significant improvement in its mechanical properties. The Young's modulus (or tensile modulus), for example, of pure Nylon-6 (1.11 GPa) was strongly improved when the nanocomposite was formed. The Nylon-6/MMT with a filler content of 4.1 wt. (%) gave a value of 2.25 GPa, which corresponds to an increase of 102.7% 208, 209 . Figure 27 represents the dependence of tensile modulus E, at 393 K (120 °C), on clay content for organo-modified montmorillonite-and saponite-based nanocomposites 208 . Results clearly show that the increase in Young's modulus in these systems is related to the average length of the layers and, consequently, to the aspect ratio of the dispersed nanoparticles as well as the extent of their exfoliation. Also, regarding Nylon-6 nanocomposites, a strong interaction between matrix and silicate layers occurs via formation of hydrogen bonds. This behaviour can also be supported by maleic anhydride modified by propylene (PP-MA)/LS anocomposites. Table 17 represents the variation of the Young's modulus as a function of filler and maleic anhydride contents for both the nano and the microcomposite. These results indicate that the nanocomposite shows higher Young's modulus than the pure PP matrix. Also, a significant increase, as compared to the PP microcomposite, was observed as the amount of MA added to the polymer matrix was increased 250 . Important improvements on the stress at break were also observed in Polymer/LS systems. In thermoplastic-based nanocomposites, the stress at break, which expresses the ultimate strength that the material can bear before breaking, varies depending on the nature of the interactions between the matrix and the filler. Table 18 shows some examples of tensile stress in different nanocomposite systems. According to these results, some important conclusions can be drawn, as discussed below. Exfoliated Nylon-6 and intercalated PMMA nanocomposites exhibited a great increase in the stress at break 251 . This can be due to the polar (PMMA) and ionic interactions (Nylon-6 grafted onto the layers) between the matrix and the silicate layers. This increase is larger in Nylon-6 nanocomposites [250] [251] [252] . On the other hand, propylene-based nanocomposites showed only a slight enhancement in tensile stress, which can be explained by the lack of interfacial adhesion between non-polar PP and polar-layered silicates. However, addition of maleic anhydride-modified polypropylene to the polypropylene matrix has confirmed to be effective in the intercalation of the PP chains and the maintenance of the ultimate stress at an acceptable level 18 . Finally, regarding PS-intercalated nanocomposites, the ultimate tensile stress is significantly decreased compared to that given by the PP matrix and drops down at higher filler contents 252 . The authors have attributed this finding to the weak interactions at the polystyrene-clay interface. It is important to note that in previous compositions in which polar interactions were developed, strengthening at the filler matrix interface was observed "M" Represents exchangeable cations and "x" the degree of isomorphous substitution. Usually, when LS are dispersed in thermoplastics such as PMMA, PS or PP, the elongation at break is reduced 251, 252 . The reported decrease in elongation is from 150% in pure PP matrix, to 105% for a 6.9 wt. (%) non-intercalated clay microcomposite. On the other hand, in a nanocomposite filled with 5 wt. (%) silicate layers, the more pronounced drop was 7.5%. Conversely, this loss in ultimate elongation did not occur in elastomeric epoxy or polyol polyurethane matrices 253, 254 . In these cases, introduction of the nanoclay in cross-linked matrices causes an increase of the elongation at break. This is shown in Figure 28 for epoxy nanocomposites, which are prepared from magadiite modified with methyl-octadecylammonium or trimethyloctadecylammonium ions and a conventional composite prepared from magadiite modified with octadecylammonium 254 . While a drop in the elongation at break can be observed for the conventional composite, a slight improvement in this property can be observed for the intercalated nanocomposite.
Finally, exfoliated nanocomposites display a large increase in the elongation at break. This is probably due to the plasticizing effect of the galleries, their contribution to the formation of dangling chains and conformational effects at the clay-matrix interface. The combination of improved stiffness (Young's modulus), toughness (stress at break) and elasticity (strain at break) makes elastomeric nanocomposites suitable candidates for the generation of a new family of high performance materials.
Polyimide is another example of a polymer matrix material showing an increase in both stress and elongation at break 255 . For example, when filled with montmorillonite exchanged with hexadecylammonium, these properties increase with the filler loading at least up to 5 wt. (%). At higher filler contents, both properties drop towards values lower than those described for the filler-free matrix due to the formation of nonexfoliated aggregates which make these composites more brittle.
Another nanocomposite system studied in great detail is Nylon-6/ protonated aminododecanoic acid, which has been studied for its impact resistance properties. The nanocomposite synthesized by in situ intercalative polymerization had its Izod impact strength reduced from 20.6 to 18.1 J/m compared with the pure matrix when 4.7 wt. (%) of nanoclay was incorporated. Charpy impact testing showed a similar reduction from 6.21 kJ/m 2 to 6.06 kJ/m 2 for the 4.7 wt. (%) nanocomposite 52, 256 . Table 21 presents the effect of MMT content and Nylon-6 molecular weight on the tensile modulus of MMT modified with (HE) 2 M 1 R 1 † 257 . A substantial improvement in stiffness can be seen, which increases with increasing matrix molecular weight (at any given concentration) for all Nylon-6 nanocomposites, i.e., low (LMW), medium (MMW) and high molecular weights (HMW). A slightly larger modulus of 2.82 GPa for LMW may be the result of a higher degree of crystallinity giving faster crystallization kinetics during the cooling of the specimen after injection moulding. Yield strength, on its turn, increases with the content of MMT, but while the HMW-and MMW-based nanocomposites show a steady increase in strength with the increasing content of clay, the LMW-based nanocomposites show a less pronounced effect. Also, increase in strength relative to the virgin matrix for the HMW composite is nearly twice that of the LMW composite at the highest clay content. Regarding the elongation at break for two different rates of extension, results show that the pure matrix is very ductile at a test rate of 0.51 cm/ min. Increasing clay content leads to a gradual decrease in ductility. The elongation at break for the LMW-based nanocomposites decreases rapidly at low MMT content (around 1 wt. (%)). This larger reduction in the LMW-based systems may be due to the presence of stacked silicate layers, as seen in Figure 29 
257
. The higher testing rate of 5.1 cm/min yields similar trends, but the absolute level of the elongation at break is significantly lower. The strain decreases for all nanocomposites when compared to the pure matrix polymer.
This good resistance to impact, high Young's modulus, good flexural modulus and a notable enhancement in the heat distortion temperature, going from 338 K (65 °C) for pure Nylon-6 to more than The substituents on the quaternary ammonium compound used to form the organoclay are identified in this shorthand notation where R = rapeseed, HE = hydroxyethyl, M = methyl. Rapeseed is a natural product composed predominantly of unsaturated C 22 alkyl chains (45%) 257 .
423 K (150 °C) for the nanocomposite, have allowed this material to replace glass fibre-reinforced nylon or polypropylene in the production of timing belt covers of automotive engines 258 . Coming to dynamic strength properties, it is well known that dynamic mechanical analysis (DMA) measures the response of a given material to a cyclic deformation (usually tension or three-point flexion type deformation) as a function of temperature. Results are expressed by three main parameters, which are the storage modulus (E'), corresponding to elastic response to deformation; the loss modulus (E"), corresponding to plastic response to deformation and tan δ, that is the (E'/E") ratio, useful for determining the glass transition temperature, for example. PS nanocomposites have been characterized by DMA analysis 252 . No significant difference in E' was observed between the pure PS and a nanocomposite intercalated with 17.2 wt. (%) of Na-montmorillonite in the temperature range of 293-413 K (20-140 °C), indicating lack of influence of intercalated nanocomposites on the elastic properties of the matrix. However, shift and broadening of tan δ values towards higher temperatures for the nanocomposite suggests an increase in the glass transition temperature and some broadening of this transition. This can be assigned to restricted segmental motions at the organic-inorganic interface of the intercalated systems.
However, a different behaviour on DMA properties is observed when blending copolymers, such as the symmetric styrene-butadienestyrene [SBS] block copolymers, are previously used to modify the matrix 259 . For example, when SBS is melt-blended with a montmorillonite modified by dimethyldioctadecylammonium, a nanocomposite in which only the PS blocks can intercalate within the layered silicates is produced. In this material, a large improvement of the storage modulus at 25 °C was observed. Figure 30 shows these results for this nano-and its microcomposite counterpart Values were recorded for nanocomposites filled with organomodified clay and for composites prepared by melt-blending the SBS matrix and Na-montmorillonite under the same conditions. There is a sharp increase in elastic modulus for nanocomposites, while microcomposites do not present any improvement in this property.
DMA properties were also studied for the widely used bifunctional diglycidyl ether of bisphenol-A (DGEBA) containing different amounts (2-10 wt. (%)) of layered silicate, and prepared by a two steps chemical method (173 to 323 K and from 323 to 573 K). Results indicated that, with increasing organic clay content in the composite, the relaxation temperatures of the cured system decreased, while the presence of modified layered silicate improved both toughness and stiffness of the matrix 260 . AFM phase contrast images (Figure 31) show stacked layers of silicates in the product, even though they are not distributed homogeneously throughout the material. The high magnification shown in Figure 31 (b) reveals the striated structure in the 5 wt. (%) layered silicate-containing nanocomposite, with increasing phase intervals at the top of the surface. However, no individual layers could be seen by TEM.
The dependence of the storage modulus for polyimide-based nanocomposites filled with 2 wt. (%) of organic clays and for the unfilled matrix is shown in Figure 32 . At any temperature, higher storage moduli result from the better nanofiller dispersion. Moreover, the large difference between exfoliated montmorillonite-and exfoliated mica-based nanocomposites can be explained by the respective aspect uras -Materials Research (Roman), tamanho 8. nhas com 0.5 de Stroke. centes a "Dados gráficos" com 0.6 de Stroke. ouver rosa do ventos na imagem original, substituir pela padrão da paleta symbols. o de barras com 10% de preto quando houver texto e 50% quando não. la ou figura devem estar todos em Inglês. em estar dentro de caixas de texto com 2 mm de distância nas extremidades. ra ou gráfico deve estar em "Sentence case". pas deverá ter 1 ponto de Stroke. ratio of the dispersed silicate layers, with lengths of 0.218 and 1.23 mm for montmorillonite and synthetic mica respectively, as observed by TEM studies.
From Figure 32 , it is also evident that the glass transition temperature decreases (~288 K) with increasing clay content for this nanocomposite. The influence of dispersion and length of the layered particles has thus been demonstrated in the case of these nanocomposites using various organoclays (hectorite, saponite, montmorillonite and synthetic mica) 210, 255 . Mica and montmorillonite clays lead to exfoliated-structures, while a partially exfoliated-intercalated structure was obtained for saponite and a mainly intercalated morphology was attributed to the hectorite-based nanocomposite.
Furthermore, DMA studies carried out on organoclays exfoliated within cross-linked matrices revealed a very noticeable improvement in storage modulus, especially above T g . For example, the epoxy/montmorillonite 4 vol. % nanocomposite below T g showed a 58% increase 164 . In this case, a well-ordered exfoliated nanocomposite (silicate layers separated by approximately 100 Å) was formed. At 331 K, E' equals 2.44 and 1.55 GPa for the nanocomposite and the unfilled cross-linked matrix, respectively. At 423 K, which is above T g , the reported E' values are 11 and 50 MPa for the unfilled and filled epoxy, respectively. This enhancement corresponds to a storage modulus improvement by a factor of 4.5. Also, an interesting result could be observed in nitrile rubber/ organoclay nanocomposites 258 . A three-fold increase in the storage modulus was described through the simple dispersion/exfoliation of 10 parts of organoclay per 100 parts of rubber, with a modulus as high as 8.8 MPa. This value is similar to what can be obtained with the same matrix filled with 40 parts of carbon black per 100 parts of rubber. As a result, the amount of filler can be reduced by a factor of four. Overall, the storage elastic modulus appears to be substantially enhanced at temperatures above T g for exfoliated nanocomposites filled with layered silicates. A possible explanation for such an improvement could be the creation of a three-dimensional network of interconnected long silicate layers, strengthening the material through mechanical percolation.
Mechanical properties of layered nanocomposites typically resemble those of ceramic materials. Flocculated nanocomposites are, conceptually, the same as intercalated nanocomposites. Silicate layers are sometimes flocculated due to hydroxylated edge-edge interaction of the silicate layers, and when they are completely and uniformly dispersed in a continuous polymer matrix, an exfoliated or delaminated structure is obtained. The individual clay layers are separated in a continuous polymer matrix by an average distance that depends on clay loading. Usually, the clay content of an exfoliated nanocomposite is much lower (4-5 wt. (%)) than that of an intercalated (11-34 wt. (%)) nanocomposite. Figure 33 shows TEM images of intercalated and exfoliated polymer-layered silicates nanocomposites 26 . Let us now look at other physical properties such as thermal stability, ionic conductivity gas barrier, flame retardancy, etc., of layered nanocomposites. Polymer/LS nanocomposites show improvements in their thermal stability. The PMMA/montmorillonite 10 wt. (%) nanocomposite, for example, degraded at temperatures 40 ± 5 °C is superior to pure PMMA 246 . In the poly (dimethylsiloxane) (PDMS)/10 wt. (%) organomontorillonite nanocomposite, a dramatic shift in the weight loss towards higher temperatures was recorded 261 . These improvements were due to the decrease in permeability, usually observed in exfoliated nanocomposites, which hinders the diffusion of volatile decomposition products. In this context, the silicate layers act as a superior insulator and mass transport barrier to the volatile products generated during decomposition.
Fire relevant properties, such as heat release rate (HRR), peak heat release rate (PHRR), smoke production and CO 2 yield are vital to the evaluation of the fire safety of the material. As a result, the decreased flammability of nanocomposites is one of their most important features. Table 20 shows cone calorimeter data for three different kinds of polymers and their respective nanocomposites with MMT. It can be seen that all MMT-based nanocomposites exhibited reduced flammability. The peak HRR is reduced by 50-75% for N6, PS, and PP-g-MA nanocomposites 243. In general, the flame retardant mechanism of nanocomposites involves a high-performance carbonaceous-silicate char, which builds up on the surface during burning and serves as a barrier to both mass and energy transport. This mechanism has also been supported by recent studies concerning PS/MMT nanocomposites 262 . Studies of the tes a "Dados gráficos" com 0.6 de Stroke. er rosa do ventos na imagem original, substituir pela padrão da paleta symbols. e barras com 10% de preto quando houver texto e 50% quando não. ou figura devem estar todos em Inglês. estar dentro de caixas de texto com 2 mm de distância nas extremidades. u gráfico deve estar em "Sentence case". deverá ter 1 ponto de Stroke.
entam figuras ex: (a), devem estar centralizadas na parte inferior da imagem.
, seguir padrão correto (respeitando estilo de escala, posição dos dados, caixa inferior da imagem, fundo preto). Another important feature of polymer/layered silicate nanocomposites is their gas-barrier properties. Clays are believed to increase the barrier properties by creating a maze or 'tortuous path' (Figure 34 ) that retards the progress of the gas molecules through the matrix 26 . This can be illustrated by the polyimide/clay nanocomposite, which showed significantly improved barrier properties 210, 255 . This system, containing only a small fraction of OMLS (organically modified layered silicates), exhibited reduction in the permeability of small molecule gases, e.g. O 2 , H 2 O, He, CO 2 and ethylacetate vapours 210 . For example, at 2 wt. (%) clay loading, the permeability coefficient of water vapour was decreased ten-fold with synthetic mica relative to pristine polyimide. Figure 35 shows the oxygen gas permeability measurements for PLA/OMLS nanocomposites (PLA = polylactide) 263 . The relative permeability coefficient value, i.e. P PLACN = P PLA , where P PLACN and P PLA are permeability coefficients of nanocomposite and pure PLA respectively, is plotted as a function of the wt. (%) of OMLS. Data were fitted with the Nielsen theoretical expression 263 . There is a significant decrease in the O 2 permeability for the nanocomposites, which is more pronounced at higher clay contents. Polyurethane urea (PUU)/OMLS nanocomposites also reported reduced H 2 O vapour permeability.
The effect of different types/shapes of fillers (2 wt. (%)) such as organoclay, either exfoliated montmorillonite, synthetic mica or intercalated clay tactoids (hectorite and saponite), on water permeability of both partially and totally exfoliated polyimide-based nanocomposites has been reported by Yano et al. 255 . Results of this study are given in Figure 36 , where one can observe a drastic decrease in relative permeability with the increasing length of the clay. In other words, the best gas barrier properties will be obtained by fully exfoliated rather than long layered silicates. Consequently, the presence of spherical, plate, cylindrical, etc., fillers introduces a tortuous path for a diffusing penetrant. The reduction of permeability arises from the longer diffusive path that the penetrants have to travel in the presence of reinforcements.
Nanocomposites systems have also shown to be able to increase the ionic conductivity of polyethylene oxide (PEO) 167 . The PEO/ Li-montmorillonite 60 wt. (%) intercalated nanocomposite showed a significant improvement regarding the stability of ionic conductivity at lower temperature compared to a conventional PEO/LiBF 4 mixture (Figure 37) 167 . This improvement is due to the fact that PEO is not able to crystallize when intercalated. This eliminates the presence of crystallites, which are non-conductive in nature. The conductivity of PEO/ s.
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Another outstanding feature of polymer nanocomposites prepared with OMLS as reinforcements is their noticeably improved biodegradability properties. Figure 38 shows real pictures of PLA/MMT 4 wt. (%) nanocomposites and their biodegradability process. Figure 39 shows the time dependence of the residual weight of the reinforcement (R w ) and the matrix molecular weight (M w ) for PLA and PLA/4 wt. % MMT under compost at 58 ± 2 °C 263, 265 . It is very clear that the biodegradability of PLA is significantly enhanced after the incorporation of MMT. Within one month, both the M w and the percentage of weight loss are at the same level for neat PLA and PLA/MMT 4 wt. (%). A sharp change then occurs in the weight loss of PLA/MMT 4 wt. (%) after one month. Finally, the nanocomposite is completely degraded after 2 months. This behaviour is accounted for the presence of terminal hydroxylated edge groups in the silicate layers, which start heterogeneous hydrolysis of the PLA matrix after absorbing water. Since this process takes time to start, the weight loss and degree of hydrolysis for PLA and PLA/4 wt. (%) MMT are almost the same up to 1 month. Other systems which showed large improvements in their biodegradability are PCL/OMLS and aliphatic polyester-based nanocomposites 18, 26, 266 . Another way of increasing the biodegradability of resulting materials is by addition of natural fibres. The use of renewable resources for making biodegradable polymers and reinforcements for nanocomposites may lead not only to the achievement of desirable properties, but also to the replacement, in the near future, of polymers obtained from non-renewable sources. This may help minimizing environmental degradation and waste disposal problems associated with the extensive use of the synthetic polymers in the world.
It is to be noted that a persistent stress on use of high technology reinforcements, such as CNTs, in the development of polymer nanocomposites may be a limiting factor in view of their high cost. In this scenario, the possibility of using large quantities of inexpensive natural nanofibrous materials may be explored. Such materials include the natural clay-serpentine group (chrysotile, antigorite, lizardite, amesite), nanolayers of the kaolin group (kaolinite, dickite, nacrite), ribbons of the sepiolite-paligorskite group (sepiolite, paligorskite), imogolite of volcanic origin and other minerals with graftable surfaces 176 . Further, synthetic materials made from the double hydroxide or hydroxyl salt groups with layered or fibrous structures, and even graftable single hydroxides having low cost and involving very common elements, will also play an important role in the future. In addition, vegetable fibres disposed of as agricultural production waste can be also reduced to nanosize range materials and used as reinforcement agents 336 . Even in such non-graftable reinforcement surfaces, one can choose an appropriate chemical treatment and moulding temperature and carefully select the polymer to arrive at the best chemical compatibilization, leading to the optimized properties of the resulting materials. It is observed that these treatments usually improve the surface adhesive characteristics of the vegetable fibres through the removal of non-crystalline components such as lignin and hemicelluloses.
3.3.3. Polymer-nanofibre / CNT nanocomposites Carbon nanofibres, which are known to range from disordered "bamboo-like" to highly ordered "cup stacked" graphite structures, and have diameters in the range of 50-200 nm, have been employed as reinforcing materials in a variety of polymer matrix compounds, including both thermoset polymers such as epoxy, polyimide and phenolic, and thermoplastic polymers, as polypropylene, polystyrene, PMMA, Nylon 12, and PEEK 293, 299 . Properties of nanotubes have already been given in Table 12 . Young's modulus and tensile strength of the PP nanocomposites were found to increase due to the good adhesion of oxidised carbon fibres, but stiffness showed a reverse trend with the increasing volume fraction of the fibres. Even compressive strength and torsional moduli of the nanocomposites were found to be higher than that from the PEEK matrix. These scanty results on nanofibrecontaining polymer composites reveal a need for more detailed and systematic studies on the dispersion and adhesion aspects, considering the varying morphologies of the fibres. Thostenson and Chou 230, 231 have described the elastic properties of aligned MWCNTs in a polystyrene matrix nanocomposite system. Adopting 'micromechanics' approach, they have derived the axial elastic properties of CNTs considering equivalent effective fibre properties, viz., tube diameter, distribution and volume distribution as a function of tube diameter. This gives a relationship between Young's modulus and various dimensions of fibres, including their volume. Similar relationships of physical and mechanical properties would probably help in producing materials for specific applications.
Significant toughening of polymer matrices after CNT incorporation has been reported. A phenol-based nanocomposite using CNTs with tube diameter <50 nm and length >0 µm showed an enhancement in Young's modulus and strength. SEM images of brittle tensile fracture . Epoxy/DWCNT (double-wall carbon nanotubes) nanocomposites showed increased strength, Young's modulus, fracture toughness and strain to failure at a nanotube content of only 0.1 wt. (%) 233 . In this system, the nanotubes were highly dispersed in the polymer matrix. Also, phenylethyl terminated polyimide/MWCNT nanocomposites exhibited increased tensile Young's modulus and reduced tensile strength and ultimate strain. In this system, the nanotubes were a few hundred µm in length and 20-100 nm in diameter 234 . The polyethylene/ MWCNT nanocomposite showed an increase in strain energy density by 150% and in ductility by 140%. Polyacrylonitrile/MWNTs systems showed 80% increase in energy to yield and energy to break 27 . Finally, silicone elastomer-SWCNT reinforced composites have shown dramatic increases in both stiffness and strength 30 . Coming to the morphological studies of CNT-containing polymer nanocomposites, Figure 40 represents a TEM image of polystyerene containing 5 wt. (%) nanocomposite film processed by Thostenson and Chou 230, 231 . Large-scale dispersion and alignment of carbon nanotubes in the polymer matrix can be observed from this image, which could explain the observed properties.
Similarly, nanotubes are separated into individual tubes in the microstructure of epoxy/CNTs as shown in Figure 41 , indicating their good dispersion. Also, they remain curved in the nanocomposite as a result of their sharp flexibility 150 .
To conclude, CNT-polymer composites, though may pose greater challenges for the Materials Scientists, will exhibit unique properties as mentioned above and hence offer greater potentials in terms of applications. This is presented in the next Section. 2, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] 258, 305, 310, From the foregoing, it becomes evident that nanocomposites may provide many benefits such as enhanced properties, reduction of solid wastes [lower gauge thickness films and lower reinforcement usage] and improved manufacturing capability, particularly for packaging applications. Tables 21 to 23 present potential applications of ceramic-, metal-and polymer-based nanocomposites, respectively. As it can be observed, the promising applications of nanocomposite systems are numerous, comprising both the generation of new materials and the performance enhancement of known devices such as fuel cells, sensors and coatings. Although the use of nanocomposites in industry is not yet large, their massive switching from research to industry has already started and is expected to be extensive in the next few years.
Applications of Nanocomposites
For instance, the (Al 1-x Ti x N)/α-Si 3 N 4 super hard nanocomposite, which has been developed by the Czech company SHM Ltd. as a Microelectronic and micro-electromechanical systems. tribological coating for tools, is suitable for hard and dry cutting operations such as drilling, turning and milling, and is reported to be now industrialized 337, 339 . In this case, a novel method, which employs vacuum arc coating with a rotating cathode, is used for commercial production. This super hard (Al 1-x Ti x )N/α-Si 3 N 4 possess high tensile strength, in the range of 10-110 GPa, and a lifetime 2-4 times higher than that of the materials currently employed as wear resistant coatings.
Similarly, one of the leading application areas is the automotive sector, with striking impact due to improved functionalities such as ecology, safety, comfort, etc. Details on the commercial usage of nanocomposites in automotives and future developments in this sector (including CNT-based nanocomposites) , etc. Improved properties include significant enhancements in fracture strength (about 2 times) and toughness (about one half time); no time dependent wear transitions even at very low loads; higher high temperature strength and creep resistance; increased hardness with increasing heat treatment temperature; hardness values higher than those of existing commercial steel and alloys; possibility of synthesis of inexpensive materials; and significant increase in Young's modulus [about 105%], shear modulus and fracture strength (almost 3 times compared to microcomposites). These are brought out mainly by the nanosize reinforcements used, which result in an appropriate morphology for the products. Tables 21 and 22 summarize the possible developments associated with these materials in catalysts, sensors, structural materials, electronic, optical, magnetic, mechanical and energy conversion devices suggested by researchers in the field.
CNT-ceramic composites, on their turn, are reported 340 to be potential candidates for aerospace and sports goods, composite mirrors and automotive spares requiring electrostatic painting. Such materials have also been reported 341 to be useful for flat panel displays, gas storage devices, toxic gas sensors, Li + batteries, robust but lightweight parts and conducting paints. One example is the Al 2 O 3 -CNT composite, which shows high contact damage resistance without a corresponding increase in toughness and hardness. It is reported 92 to be a candidate for engineering and biomedical applications.
Despite these possibilities, there are only limited examples of industrial use of nanocomposite, mainly due to the challenges in processing and the cost involved, particularly for non-structural applications. In fact, one recent review 371 deals with various methods for the preparation of super hard coatings with merits and demerits of each method. However, the intense research in both metal-and ceramicbased nanocomposites suggests that the days are not far off when they will be actually in use. The cost factor may be a particularly serious problem for general engineering applications, while this may not be the case for specialized applications in electronics, aerospace, biomedical and other sectors, since the advantages might far outweigh costs and concerns in these sectors.
On the other hand, polymer-based nanocomposites are in the forefront of applications due to their more advanced development status compared to metal and ceramic counterparts, in addition to their unique properties. These include 2-3 fold strength property increase, even with low reinforcement content (1-4 wt. (%)) [e.g. 102.7% in Young's modulus] with complete elimination of voids/holes; gas barrier properties (about 200,000 times over oriented PP and about 2000 times that of Nylon-6 with tenfold requirements of expensive organic modifiers) 372 , biodegradation and reduced flammability [about 60% reduction of heat release rate], etc. In addition, a good possibility of enhancing the shelf life of the existing MRE packaging and trays used in the UGR-H&S polymeric materials has also been reported 350 . This is due to the limitations of existing MRE packings, which do not meet the US military standards such as minimum shelf life of 6 and 12 months at about 322 K (120 °F) and 299 K (80 °F) respectively. In this case, nanocomposites, 265, 267, 280, 343, 346 , as well as in electronic and food packaging industries 346, 347 . These include Nylon-6 (e.g. Durethan LDPU60 by Bayer Food Packages) 18 and polypropylene for packaging and injection-molded articles, semi-crystalline nylon for ultra-high barrier containers and fuel systems, epoxy electrocoating primers and high voltage insulation, unsaturated polyester for watercraft lay-ups and outdoor advertising panels, and polyolefin fire-retardant cables, electrical enclosures and housings. Table 24 shows some examples of commercially available polymer nanocomposites. As an example, Nylon-6/surface-modified montmorillonite 2 wt. (%) nanocomposites are currently available from two commercial sources, Honeywell Engineered Polymers & Solutions and Bayer AG. Some of the products made from nanocomposites are shown in Figure 42 .
Technological contributions in the areas of gas barrier, reinforcement and flame retardancy have also been extensively exploited 355, 356 . For example, heat-resistant polymer nanocomposites are used to make fire fighter protective clothing and lightweight components suitable to work in situations of high temperature and stress. This includes hoods of automobiles and skins of jet aircrafts, as opposed to heavier and costlier metal alloys. They can also replace corrosion-prone metals in the building of bridges and other large structures with potentially lighter and stronger capabilities 357, 358 . Also, unsaturated polyester (UPE) nanocomposites can be employed in fibre-reinforced products used in marine, transportation and construction industries [359] [360] [361] . Currently, UPE/fibreglass nanocomposites, whose formulations are available from Polymeric Supply, Inc., are being used in boat accessories that are stronger and less prone to colour fading 362 . Regarding the variety of applications of polymer nanocomposites, prominent impacts over the automotive industry can be highlighted, including their use in tyres, fuel systems, gas separation membranes in fuel cells and seat textiles, mirror housings on various vehicle types, door handles, engine covers, intake manifolds and timing belt covers 363, 364 , with some of these already being exploited. For example, a thermoplastic nanocomposite containing nanoflake reinforcements (trade name Basell TPO-Nano) is being employed for the development of stiff and light exterior parts, like the step-assists by GM 348 . Also, porous polymer nanocomposites can be employed for the development of pollution filters 365 . Other promising technological application in the horizon is in air bag sensors, where nano-optical platelets are kept inside the polymer outer layer for transmitting signals at speed of light gaining milliseconds to bring down the level of possible impact injuries 373 . Finally, polymer/inorganic nanocomposites with improved conductivity, permeability, water management and interfacial resistance at the electrode are natural candidates for the replacement of traditional Nafion PEM in fuel cells, and are currently under trial 349 . Improvements in the mechanical properties of polymer nanocomposites have also resulted in their many general/industrial applications. These include impellers and blades for vacuum cleaners, power tool housings, and mower hoods and covers for portable electronic equipment, such as mobile phones and pagers 366 . Another example is the use of polymer nanocomposites in glues for the manufacturing of pressure moulds in the ceramic industry.
The development of environmentally friendly, non-foil and better packaging materials can reduce the amount of solid waste, improve package manufacturing capabilities, and reduce the overall logistics burden to users. In this context, the incorporation of nanoclay particles into thermoplastic resins has shown to be highly effective to improve barrier properties and package survivability 351 . Such excellent barrier characteristics have resulted in considerable interest in clay nanocomposites in food packaging applications, both flexible and rigid. Specific examples include packaging for processed meats, cheese, confectionery, cereals and boil-in-the-bag foods, also extrusion-coating applications in association with paperboard for fruit juice and dairy products, together with co-extrusion processes for the manufacture of beer and carbonated drinks bottles 367 . The use of nanocomposite formulations would be expected to enhance considerably the shelf life of many types of food. Honeywell industries have also been active in developing a combined active/passive oxygen barrier system for polyamide-6 materials 368 . It is mentioned here that Triton Systems and the US Army are conducting further work on barrier performance in a joint investigation, as mentioned earlier. They are trying to develop a non-refrigerated packaging system capable of maintaining food freshness for three years. Polymer/ clay nanocomposites are currently showing considerable promise for this application.
The reduction of solvent transmission is another interesting aspect of polymer/clay nanocomposites. A study conducted by the UBE Industries has revealed 347 significant reductions in fuel transmission through polyamide-6/66 polymers by incorporation of a nanoclay filler. As a result, these materials are very attractive for the development of improved fuel tanks and fuel line components for cars. In addition, the reduced fuel transmission means significant cost reductions. The presence of filler incorporation at nanolevels has also been shown to have significant effects on the transparency and haze characteristics of films 369 in comparison to conventionally filled polymers. The ability to minimize the extent to which water is absorbed can be a major advantage for polymer materials that are degraded in moist environments 370 . Finally, CNT-polymer composites are reported 28 to be potential candidates for data storage media, photovoltaic cells and photo diodes, optical limiting devices, drums for printers, etc.
Perspectives
Outstanding potentials of nanocomposites can be exemplified by the massive investments from many companies and governments throughout the world. As a result, nanocomposites are expected to generate a great impact in world economy and business. This is very much evident from the publications pouring in, particularly on a variety of properties suited for different applications 350 . According to a report from Principia Partners, which is illustrated in Table 25 , a market size of over than U$ 1,834 billion (USD) is estimated by 2009, considering only the different applications of polymer/clay nanocomposites 350 . The estimative may not be exaggerated, since many of the application areas already use these composites, with some of them being commercialized by many leading industries. Packaging, coating and automotive sectors are in the forefront for the use of these new materials.
With increasing demand for high performance systems such as nanofillers and their composites and many sectors looking for them at low costs, optimistic estimates do not seem beyond reach 372 . A bright future is evident as many leading industrial laboratories, such as Argonne National Laboratory, are ready for commercialization of their nanoproducts [organoclays] and looking for industrial partners to develop and/or test them in a wide range of applications. Many of these are consumer products, and hence the envisaged market is expected to establish itself. For example, electroconductive polymers, nanosmart switches and sensors for automotives are already in use by GE and Cabot in USA, while since 2002 General Motors has successfully used nanocomposites containing clay and talc in their exterior structural components.
Further, as new power production and storage devices are attractive products, other nanotech revolutions expected to take place in the near future are reported 373 to be hydrogen storage, fuel cells, supercapacitors and batteries. In fact, it has been pointed out that the infrastructure cost of automotives would decrease by 10-100 times by the use of fuel cells alone, with other nanotechnologies having similar impact. Future areas of research, particularly for the automotive industry could be i) improved fire retardancy of nanocomposites, which can be used as interior parts, ii) improved weatherability for use as exterior parts, and iii) bipolarity, obtained by the use of nanocarbons, for the production of fuel cells. Similarly, the coating and internal structure of combustion engines may receive attention in the case of ceramicbased nanocomposites.
Nanoclays are expected to have 50% of the total nanomaterials market by 2020. Also, with the expected decrease in cost of CNTs, their nanocomposites are also expected to gain large share in the markets, thereby leading to the rapid commercialization of CNTs themselves 374 . It is also reported that two of the sectors, automotive and packaging, which will account for about 40% of demand by 2020, will be most important for the next decade or so. Then, the construction sector will probably dominate, while CNT-based nanocomposites will replace the presently used conducting materials in the electrical and electronic industries 375 . Considering the use of polymer-based nanocomposites during 2003 at 11,000 tons (11 million kg) at US$ 90.8 million, Business Communications Co. Inc., in its report on nanocomposites published in April 2004, has estimated this market to increase by nearly 3 times (35,960 tons) at US$ 211.1 during the current year (2008) , with an annual growth rate (AAGR) of 18.4% 377 . Of this, thermoplastics, which were about 5.68 million kg at US$ 70.7 in 2003, would grow to 27.74 million kg with about 20.4% AAGR at US$ 178.9 million, while thermosets, with 5.45 million kg at US$ 20.1 million, would grow to 8.22 million kg with about 9.9 AAGR at US$ 32.2 million. Even if some difficulties are to be encountered for this, present applications of these materials are expected to grow higher than 20% of the total demand of polymer composites, with the fastest demand in engineered plastics and elastomers 374, 376 . On the other hand, with thermoset-based nanocomposites being not so diverse compared to their thermoplastics counterparts, their market is expected to grow at the rate mentioned above based on the current uses of these composites in pre-finished wood flooring and other sectors.
There are other forecasts for US such as the ones from Freedonia Industry, which reports on the profiles of major industries in the area of nanocomposites in USA, market trends and indicators for these materials for every five years from 2010 375 . According to them, the demand for nanocomposites will be about 159 million kg by 2010 and about 3.2 billion kg, valued at US$ 15 billion, by 2020. The other estimate 376 for the global nanocomposite market rises to US$ 250 million with AAGR between 18-25% by 2008 . It is also reported 374 that the packaging industry alone would use about 1.7 million kg of polymer . Some of the challenges to be faced for the success of the above projections, which will also give future research directions, include: suitable reinforcements such as nanofibres with or without spinning, which will have higher strength properties, being lighter than their micro counterparts and hence appearing as superior structural components; use of nanofibres in different areas such as biomedical, electrical and optical, for various functional devices; conducting polymer-based nanomaterials for electrochemical applications; modification of the mechanical behaviour of nanocomposites to get higher performances; surface modification of polymer nanofibres for their use in polymer matrices to overcome the poor interfacial bonding; modelling and simulation of mechanical properties of nanofibre-containing composites, etc.
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. Other issues, which are also expected to get due attention, include various processing parameters in the case of the three types of nanocomposites, without which their wide spread commercialization would not come through. These include problems with compatibility and deagglomeration, which can be overcome through surface modification of reinforcements for homogeneous dispersion without agglomeration. The above, along with appropriate positioning of reinforcements [exfoliation and orientation] in the case of polymer-based composites are also issues to be solved.
Other promising area for future research on proper inexpensive reinforcements is the use of cheap and abundantly available polymeric (maybe recyclable) and reinforcing materials of natural origin for wide applications. If the latter can replace expensive carbon nanotubes, the cost of their nanocomposite products may be reduced to extend them to popular applications. Hence, concentrated efforts will be needed to find new formulations with materials from renewable resources (such as polymers derived from plasticized saccharides, polylactide (PLA), polyhydroxylalkanoates (PHAs), poly (ε-caprolactone), etc.), reinforced with easily available mineral/ vegetal materials or synthetic reinforcements based on common elements like hydroxides, layered double hydroxides and layered hydroxide salts. The same procedure can also be used to improve the properties of synthetic biodegradable polymers. Research in these directions will be a certainty, keeping in view the increased attention on cleaner environment and ecology.
The study of nanocomposites is an interdisciplinary area, encompassing physics, chemistry, biology, materials science and engineering. Therefore, the knowledge arising from scientists with different backgrounds will undoubtedly create new science, and in particular new materials, with unforeseen technological possibilities such as creation of macroscopic engineered materials through nanoscale structures. It is therefore rightly pointed out that this calls for basic research on structure-property correlations in nanocomposites, leading to new challenges in the development of suitable fabrication techniques for dealing with nanoscale materials, for their characterization and mechanics, in order to understand interactions at such sizes 30 . Another exciting aspect is that nanocomposites will benefit many sectors of our society, including electronics and chemical, space and transportation industries, as well as medicine, health care and environmental protection. Because of this, nanocomposites are expected be of high impact in the improvement of our quality of life in the coming years.
As the properties of nanostructured composites are highly structure/ size dependent, many research studies still have to be performed to provide a better understanding of the structure-property relationship in such systems. This is an essential requirement to allow the nanoscale design of multi-functional materials for engineering applications. In this regard, critical issues to be looked into include aspects of dispersion, alignment, volume and rate of fabrication and, finally, cost effectiveness. Some light has been thrown on these aspects 30 . Probably, processing-structure-properties maps similar to those developed for metals and alloys by Ashby 379 may further enhance the potentials of nanocomposites. This is because structure, which is dictated by the processing method, in turn dictates the properties of materials. Added to this is the engineering aspect of design.
For materials scientists, design could be one of the following 380 : i) design of materials having combinations of unique properties or ii) selection of materials having better characteristics for a specific purpose or iii) development of a new process for providing one of the above mentioned materials. Besides, in engineering a term called 'performance index' (P) is defined, which correlates the properties of materials for a given product, and helps in their selection for specific applications. The higher the value of P, the better will be the performance 380 . Further, another correlation generally used is between the relative cost and the performance index, whereby one can arrive at the economical material selection for a given product. The above concepts should also be applied in the case of nanocomposites, so that one could get the maximum benefit from them in any application.
Finally, as part of the social implications of this nascent and potential technology, there are some safety aspects to be considered while dealing with nanosized particles and their composites. For example, fabrics coated with nanoparticles are available, which can be configured to imbue the fabric with various attributes. Aerosolised chemical and biological agents are a clear threat that is likely to grow in the future. The release of nanoparticles into the environment is a major health and safety issue. Hence there is an increasing need for research into emission of nanocomposites and nanoparticles. Potentially harmful characteristics of nanotechnology products based on their large surface area, crystalline structure and reactivity may facilitate their easy transport into the environment or interaction with cell constituents, thus exacerbating many harmful effects related to their composition. One recent conference was devoted to the study of the safety and risks of nanoparticles 381 , while the U.S. Environmental Protection Agency (EPA), as part of its Science to Achieve Results (STAR) program, is seeking applications that evaluate the potential impacts of manufactured nanomaterials on human health and the environment. This is important as new nanomaterials are constantly being manufactured; there is always a possibility of human and environmental exposure to waste streams, or other pathways entering the environment 382 .
Conclusions
In conclusion, new technologies require materials showing novel properties and/or improved performance compared to conventionally processed components. In this context, nanocomposites are suitable materials to meet the emerging demands arising from scientific and technologic advances. Processing methods for different types of nanocomposites (CMNC, MMNC and PMNC) are available, but some of these pose challenges thus giving opportunities for researchers to overcome the problems being encluntered with nanosize materials. They offer improved performance over monolithic and microcomposite counterparts and are consequently suitable candidates to overcome the limitations of many currently existing materials and devices. A number of applications already exists, while many potentials are possible for these materials, which open new vistas for the future. In view of their unique properties such as very high mechanical properties even at low loading of reinforcements, gas barrier and flame related properties, many potential applications and hence the market for these materials have been projected in various sectors. Thus all the three types of nanocomposites provide opportunities and rewards creating new world wide interest in these new materials. 
